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A molecular model of the Pc(4457) and Pc(4440) LHCb states is proposed. The model relies
on channels coupled by long range pion-exchange dynamics with features that depend crucially on
the novel addition of the Λc(2595)D¯ channel. A striking prediction of the model is the unusual
combination of quantum numbers JP (4457) = 1/2+ and JP (4440) = 3/2−. Unlike in other models,
a simultaneous description of both states is achieved without introducing additional short-range
interactions. The model also gives a natural explanation for the relative widths of the states. We
show that the usual molecular scenarios cannot explain the production rate of Pc states in Λb decays,
and that this can be resolved by including Λc(2595)D¯ and related channels. Experimental tests and
other states are discussed in the conclusions.
I. INTRODUCTION
The apparently exotic nature of the Pc(4380) and
Pc(4450) baryons discovered at LHCb in 2015 [1, 2] has
provoked intense interest in the hadron physics commu-
nity. Recently, LHCb reported on the analysis of Λb →
J/ψ pK− with an order of magnitude more data [3],
and the situation has now become even more interesting.
What was previously the Pc(4450) is actually two distinct
states, Pc(4440) and Pc(4457), and there is an additional
new state, Pc(4312). (Due to its width, Pc(4380) was not
visible in the recent analysis, which is sensitive only to
narrow states.)
All of the states are observed in J/ψ p, which sug-
gests that their wavefunctions are composed, in some
way, of the combination of quark flavours uudcc¯. Mod-
els differ in whether the relevant degrees of freedom
are the five constituent quarks, effective diquark com-
binations such as ud and dc, or meson-baryon combi-
nations, either with closed flavour (uud)(cc¯), or open-
flavour (udc)(uc¯)/(uuc)(dc¯).
Experimental data suggests the last of these scenarios
is favoured. As shown in Table I, the masses of all four of
the states are in close proximity to two-body thresholds
for open-flavoured hadron pairs, which is a strong indica-
tion that such pairs are the relevant degrees of freedom.
In this picture the states could be hadronic resonances of
molecular nature (which we advocate in this paper), or
threshold effects such as cusps or triangle singularities.
State Mass /MeV Thresholds /MeV
Pc(4312) 4311.9± 0.7+6.8−0.6 4317.7± 0.45 (Σ+c D¯0)
Pc(4380) 4380± 8± 29 4382.3± 2.4 (Σ∗+c D¯0)
Pc(4440) 4440.3± 1.3+4.1−4.7 4459.75± 0.45 (Σ+c D¯∗0)
Pc(4457) 4457.3± 0.6+4.1−1.7 4457.08± 0.33 (Λc(2595)D¯0)
TABLE I: The masses of Pc states and nearby thresholds.
The simplest molecular scenario, where binding arises
due to pion exchange in the elastic channel (no cou-
pled channel effects), is inadequate in the sense that
it leads to molecular states only with ΣcD¯
∗ and Σ∗cD¯
∗
constituents, thus accounting for only one of the four
thresholds (ΣcD¯
∗) identified in Table I. Another problem,
which has not been discussed in the literature, is that in
Λb decays (where all of the Pc states are observed) the
diagrams producing the hadron pairs of three of the four
nearby thresholds (ΣcD¯, Σ
∗
cD¯, and ΣcD¯
∗) are strongly
suppressed, whereas other pairs (whose thresholds are
not so near to Pc states) are produced more strongly.
Finally, the LHCb replacement of Pc(4450) with two dis-
tinct states, Pc(4440) and Pc(4457), is a challenge for
models without coupled channels, as these predict only
one state in this mass region.
Incorporating coupled-channel effects can potentially
resolve all of these problems. It implies that there is no
longer an automatic restriction on which open-flavoured
channels can support molecular states, so that in princi-
ple, all four of the thresholds identified in Table I can be
relevant. As we shall show, it also gives a simple solution
to the issue of the production mechanism for all four Pc
states.
Our main focus in this paper is on the remaining prob-
lem, namely the need to account for two states near ΣcD¯
∗
threshold. The pion-exchange model with only ΣcD¯
∗ de-
grees of freedom predicts the existence of only one state,
with 3/2− quantum numbers. (The potential in the 1/2−
channel is repulsive and does not support a bound state.)
The need to account for another state suggests that some
extra degrees of freedom, previously neglected, need to
be included in the model.
Our proposal is that the missing ingredient, whose
inclusion can resolve this problem, is the Λc(2595)D¯
channel. It is based on the idea, initially proposed by
one of us, to interpret Pc(4450) as a coupled-channel
ΣcD¯
∗−Λc(2595)D¯ state, similar in some respects to the
X(3872) as a DD¯∗ −D∗D¯ state [4]. The channels ΣcD¯∗
and Λc(2595)D¯ are coupled by one-pion exchange, and
due to the remarkable proximity of the two thresholds
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2(see Table I), this coupling should logically be included
in any molecular scenario.
The recent results from LHCb give extra impetus to
this idea, not only because the existence of two states sug-
gests the need for extra degrees of freedom, but also be-
cause, whereas the old Pc(4450) had mass around 7 MeV
below Λc(2595)D¯ threshold, the new state Pc(4457) co-
incides exactly with Λc(2595)D¯ threshold (see Table I),
which is a strong indication of Λc(2595)D¯ degrees of free-
dom in its wavefunction.
As well as accounting for both Pc(4440) and Pc(4457),
our model makes an unambiguous prediction for their
quantum numbers, which are 3/2− and 1/2+, respec-
tively. Currently, there is no experimental information
on JP for the Pc states; the previous amplitude analy-
sis gave preferred assignments for Pc(4380) and Pc(4450),
but these are now considered obsolete, as they were based
on a two-state fit to data. Thus it is up to models to
make predictions for JP , which can ultimately be tested
in future experimental analyses. Our prediction of 1/2+
quantum numbers of Pc(4457) is particularly novel, as
almost all competing models assign this state to 1/2− or
3/2−. The opposite parity in our model arises because
Λc(2595), as an orbitally-excited state, has opposite par-
ity to the usual molecular constituents.
Our model is also consistent with experimental mea-
surements of the production and decay properties of the
Pc states. Analysis of photo-production cross-sections
implies the states must decay prominently to channels
other than J/ψ p [5, 6]; in the molecular scenario the
missing channels are open-flavoured hadron pairs and
their partial widths are calculable in the same formalism
as is used for the molecular binding. We find, in particu-
lar, that simple selection rules explain why the Pc(4457)
and Pc(4440) are comparatively narrow and broad, re-
spectively. We can also account for the comparable ex-
perimental values for the product of the production and
decay branching fractions of the two states.
The plan of the paper is as follows. In Section II,
we introduce our model, and show that it gives a strik-
ing and unusual prediction for the quantum numbers
of Pc(4440) and Pc(4457). We demonstrate in Sec-
tion III that pion exchange in the coupled channel
ΣcD¯
∗ − Λc(2595)D¯ system generates states consistent
with Pc(4440) and Pc(4457). In Section IV we show that
our model naturally accounts for the relative widths of
the two states, and in Section V we argue that, unlike
other molecular scenarios, in our model isospin mixing is
negligible. In Section VI we show that the production
of Σ
(∗)
c D¯(∗) states in Λb decays is suppressed, which is
a challenge for most models of Pc states, and a possible
indication of the importance of coupled-channel effects:
we argue that including Λc(2595)D¯ and related channels
channel can resolve this problem. We conclude in Sec-
tion VII.
II. THE MODEL
Pion exchange in the elastic channel cannot explain
all four of the Pc states, since it can generate ΣcD¯
∗ and
Σ∗cD¯
∗ states, but not ΣcD¯ or Σ∗cD¯ states. A natural
extension of the model, which is anyway required for
self-consistency, is the inclusion of the one-pion exchange
coupling between different hadron constituents. Just as
it couples elastic channels (such as ΣcD¯
∗ → ΣcD¯∗), one-
pion exchange also couples inelastic channels (such as
ΛcD¯
∗ → ΣcD¯). When all such channels are included in
the calculation, molecular states can potentially appear
at the thresholds for any open-flavoured pair, including
all of those identified in Table I.
Most existing work in this area considers coupling
among Σ
(∗)
c D¯(∗) channels [7–11], or both Σ
(∗)
c D¯(∗) and
ΛcD¯
(∗) channels [12–20], but the Λc(2595)D¯ channel
has hardly been discussed. There is some variation
among the predictions of the different papers, but several
identify states near the ΣcD¯, Σ
∗
cD¯, and ΣcD¯
∗ thresh-
olds which are matched with Pc(4312), Pc(4380) and
Pc(4440/4457), respectively.
A common feature of these calculations, which is con-
sistent with naive expectations, is that molecular states
are most likely in JP channels where the dominant chan-
nel is in S-wave. For the Pc(4440) and Pc(4457), assum-
ing their dominant components are ΣcD¯
∗, the allowed
quantum numbers are therefore 1/2− or 3/2−, and in-
deed this is what is found (or assumed) in most molec-
ular models for these states. But as we argue later in
this paper, these assignments are not tenable with only
ΣcD¯
∗ constituents bound by pion exchange alone. We
find, consistent with other authors, that a 3/2− natu-
rally arises, but not a 1/2− state [21–25].
The Λc(2595)D¯ channel is conspicuously absent from
most of the discussion on coupled-channel systems, which
is surprising considering that its threshold coincides ex-
actly with the Pc(4457) mass. This channel does not
experience elastic one-pion exchange, but it couples in-
elastically to other channels, the most important of which
will be ΣcD¯
∗, on account of the proximity of the thresh-
olds (see Table I).
The idea of a molecule arising from the ΣcD¯
∗ −
Λc(2595)D¯ coupling was first proposed in ref. [4], us-
ing phenomenological arguments. As far as we are
aware, there is only one paper in the literature which has
considered this system quantitatively, which is that of
Geng et al. [26]. They derived the relevant “vector” po-
tential which, with its 1/r2 dependence at short-distance,
is in a sense intermediary between the more familiar cen-
tral and tensor potentials. Their main motivation for
studying the ΣcD¯
∗ − Λc(2595)D¯ system was the inter-
esting observation that portions of the system could ex-
hibit discrete scale invariance under certain conditions.
(It turns out that, with physical parameters, this prop-
erty is not quite realised in this system, but some other
systems where it does arise were highlighted.) The scale
invariance idea derives from the leading 1/r2 dependence
3of the inelastic ΣcD¯
∗ − Λc(2595)D¯ potential: the corre-
sponding elastic potential ΣcD¯
∗−ΣcD¯∗does not have this
property, and thus was not included in the calculations
of ref. [26].
Unlike Geng et al., in this paper we include both the
elastic and inelastic couplings, and refer to this collec-
tively as the “ΣcD¯
∗ − Λc(2595)D¯ system” (see Fig. 1).
This makes an important difference: it is only by in-
cluding both contributions that we obtain a simple and
natural explanation for the existence of two states in the
relevant mass region.
Pion vertices are P-wave transitions in the usual molec-
ular scenarios with ΛcD¯
(∗) and Σ(∗)c D¯(∗) channels since
all of the constituents are ground-state (S-wave) hadrons.
But for the ΣcD¯
∗ − Λc(2595)D¯ coupling, Σc is an
S-wave state, while Λc(2595) is P-wave, so that the
ΣcΛc(2595)pi vertex is S-wave. In a different context,
Close et al. [27, 28] proposed that molecular states with
both S- and P-wave constituents (hence S-wave vertices)
could be particularly susceptible to binding. The con-
stituents in the cases they considered have large width,
and it was argued by others [29] that this makes it diffi-
cult to form molecular states. This is not a problem in
our case, as both Σc and Λc(2595) are narrow resonances,
due to very little phase space in their decays [4].
Without doing any calculations, we can see why the
ΣcD¯
∗−Λc(2595)D¯ system can naturally account for the
existence of two molecular states in the mass region of
Pc(4440) and Pc(4457), and additionally, we can antici-
pate their JP quantum numbers. We obtain an unusual
quantum number assignment because of the opposite par-
ities of the Σc and Λc(2595) constituents, which are 1/2
+
and 1/2− states, respectively.
Experience, from the deuteron onwards, indicates that
molecular states are liable to form in systems where there
is at least one S-wave channel, and where there is cou-
pling to other channels in higher partial waves. As men-
tioned above, elastic one-pion exchange ΣcD¯
∗ − ΣcD¯∗
supports a bound state with 3/2− quantum numbers,
dominated by ΣcD¯
∗ in S-wave. The Λc(2595)D¯ pair
also couples to 3/2−, but in P-wave. Including the
ΣcD¯
∗−Λc(2595)D¯ coupling can be expected to provide
additional attraction in the 3/2− state, which would then
contain some admixture (however small) of Λc(2595)D¯ in
P-wave.
But we may also expect an additional state in which
the partial waves of ΣcD¯
∗ and Λc(2595)D¯ are inter-
changed, namely, with Λc(2595)D¯ in S-wave and ΣcD¯
∗
in P-wave [26]. This state necessarily has 1/2+ quan-
tum numbers, which is a striking and unusual prediction
of the model. States with positive parity seldom arise
in molecular models, which typically involve S-wave con-
stituents in a relative S-wave. In our model, the positive
parity arises due to the P-wave nature of Λc(2595).
The prediction of 1/2+ and 3/2− quantum numbers
distinguishes our model from all other molecular scenar-
ios, almost all of which predict 1/2− and 3/2−. Likewise
the hadro-charmonium model predicts 1/2− and 3/2−
quantum numbers for these states [25, 30, 31]. Experi-
mental measurement of the quantum numbers is there-
fore a key experimental test of our proposal.
With its unambiguous prediction of quantum num-
bers, our model is also quite different from compact
pentaquark scenarios [32–49], which typically allow for
states with many possible quantum numbers, specifically
1/2−, 3/2− and 5/2− for S-wave states, and 1/2+, 3/2+,
5/2+ and 7/2+ for P-waves. (In this sense, compact
pentaquark scenarios lack predictive power.) If it turns
out that Pc(4440) and Pc(4457) have opposite parity, as
predicted in our model, it would be very unnatural in
compact pentaquark scenarios. Opposite parity implies
a relative unit of orbital angular momentum, and the as-
sociated mass gap is expected to be much larger than the
gap separating Pc(4440) and Pc(4457). A more general
problem with compact multiquark scenarios is that they
predict a vast number of states in apparent contradic-
tion with data: this problem is particularly acute if the
Pc states have opposite parity, since the spectrum of the
required P-wave multiplet is exceptionally rich.
III. BINDING
In this section we give the pion exchange potentials
relevant to the ΣcD¯
∗−Λc(2595)D¯ system, and solve the
resulting Schro¨dinger equation to obtain bound states
consistent with Pc(4440) and Pc(4457).
A. Potentials
The one-pion exchange potential between heavy
hadrons is derived from the momentum-space scattering
amplitude, with vertices obtained from either the quark
model or heavy-hadron chiral Lagrangians. In the static
limit, both approaches give the same result, up to the
overall normalisation and sign [50].
If the constituent hadrons are considered as point par-
ticles, the potentials are singular at the origin. To ac-
count for the finite size of the hadrons – and thus avoid
the associated singular behaviour – a phenomenological
form factor is applied to each vertex, and this introduces
some uncertainty into the calculation. We adopt the com-
mon choice of a dipole form factor
F (q2) =
(
Λ2 −m2
Λ˜2 + q2
)2
, (1)
Λ˜2 = Λ2 + µ2 −m2, (2)
where q is the pion three-momentum, and the “recoil
factor” is
µ2 = m2 − ω2, (3)
where m and ω are the pion mass and energy, respec-
tively. Our results are not particularly sensitive to the
4FIG. 1: Elastic and inelastic t-channel pion exchange diagrams in the ΣcD¯
∗ − Λc(2595)D¯ system.
parametrisation of the form factor, but are more sensi-
tive to the chosen cut-off scale Λ, and we will comment on
this below. Because all the hadrons involved are similar,
we adopt a single value of Λ for all vertices.
For the elastic ΣcD¯
∗ − ΣcD¯∗ potential, we use the
quark model, in which all vertices are obtained from the
same basic quark-pion vertex. The resulting momentum
space potential,
V (q) = −
(
gq
fpi
)2
F (q2)
µ2 + q2
∑
i
σ
(i)
1 · q σ2 · q τ (i)1 · τ 2
(4)
is a generalisation of the familiar NN potential, where
here σ
(1,2)
1 and τ
(1,2)
1 are spin and isospin matrices acting
on the two light quarks in Σc, and σ2 and τ 2 act on
the single light quark in D¯∗. We have used gq/fpi to
parametrise the quark-pion coupling strength, following
ref. [51]. In some other literature (such as [25]) the quark
axial coupling is used; it is related to gq by
gAq = −
√
2gq. (5)
The alternative approach, in which the vertices are
derived from Lagrangians with heavy quark and chiral
symmetries, is discussed in many papers. A key differ-
ence is that the resulting potentials are proportional to
the product gg1, where g and g1 are coupling constants
associated with the meson and baryon vertices, respec-
tively. Since the signs of these constants cannot be deter-
mined from experiment, the signs of the resulting poten-
tials are ambiguous, which is problematic because these
signs are critical in determining which channels support
bound states. Some papers address this ambiguity by
considering separately the possibilities that g and g1 have
the same or opposite signs. However, most authors ig-
nore the ambiguity and assume (implicitly or explicitly)
that the constants have the same sign.
This ambiguity is resolved in the quark model. Whilst
the sign of gq cannot be obtained from experiment, it has
no importance, since the potentials are proportional to
g2q . For this reason, we prefer to work in the quark model
approach.
For the inelastic ΣcD¯
∗ − Λc(2595)D¯ potential, we use
the heavy hadron chiral Lagrangian, as in ref. [26]. The
momentum space potential is
V (q) =
h2g√
2f2pi
ωF (q2)
µ2 + q2
 · q T · τ (6)
where  is the polarisation vector of D¯∗, T and τ are
isospin matrices for the ΣcΛc(2595)pi and D¯
∗D¯pi vertices,
respectively, and h2 and g are the corresponding coupling
constants. Although there is a sign ambiguity associated
with the couplings g and h2, it has no impact on the
results, since the associated potentials appear off the di-
agonal of the potential matrix.
The position space potentials are obtained by taking
the Fourier transform of Eqs. (4) and (6). Since molec-
ular states are most likely for quantum numbers where
there is at least one channel in S-wave, we concentrate
on JP = 1/2− and 3/2− (where ΣcD¯∗ is in S-wave), and
1/2+ (where Λc(2595)D¯ is in S-wave). The one-pion ex-
change coupling of ΣcD¯
∗ and Λc(2595)D¯ to lower-lying
decay channels will be considered perturbatively (Sec-
tion IV B).
For total isospin equal to 1/2, reducing the spin-
isospin-angular momentum degrees of freedom yields the
potential matrices shown in Table II, where C(r), T (r)
and W (r) are the central, tensor and vector potentials.
We distinguish two possibilities for the central potential
(C0 and C1), as explained below. The potentials are
given by:
C0(r) =
4g2q
3
µ3
12pif2pi
[
Y (µr)− Λ˜
µ
Y (Λ˜r)− Λ
2 −m2
2µΛ˜
e−Λ˜r
]
(7)
C1(r) =
4g2q
3
µ3
12pif2pi
[
Y (µr)− Λ˜
µ
Y (Λ˜r)− Λ˜(Λ
2 −m2)
2µ3
e−Λ˜r
]
(8)
T (r) =
4g2q
3
µ3
12pif2pi
[
H(µr)− Λ˜
3
µ3
H(Λ˜r)
− Λ˜(Λ
2 −m2)
2µ3
(1 + Λ˜r)Y (Λ˜r)
]
(9)
W (r) = gh2
µ2ω
25/2pif2pi
[
G(µr)− Λ˜
2
µ2
G(Λ˜r)− Λ
2 −m2
2µ2
e−Λ˜r
]
(10)
5JP = 1/2−
∣∣∣∣ΣcD¯∗2S1/2
〉 ∣∣∣∣ΣcD¯∗4D1/2
〉 ∣∣∣∣Λc(2595)D¯2P1/2
〉
〈
ΣcD¯
∗
2S1/2
∣∣∣∣ 4C 2√2T W〈
ΣcD¯
∗
4D1/2
∣∣∣∣ 2√2T −2C + 4T √2W〈
Λc(2595)D¯
2P1/2
∣∣∣∣ W √2W 0
JP = 3/2−
∣∣∣∣ΣcD¯∗4S3/2
〉 ∣∣∣∣ΣcD¯∗2D3/2
〉 ∣∣∣∣ΣcD¯∗4D3/2
〉 ∣∣∣∣Λc(2595)D¯2P3/2
〉
〈
ΣcD¯
∗
4S3/2
∣∣∣∣ −2C −2T −4T W〈
ΣcD¯
∗
2D3/2
∣∣∣∣ −2T 4C 2T W〈
ΣcD¯
∗
4D3/2
∣∣∣∣ −4T 2T −2C −W〈
Λc(2595)D¯
2P3/2
∣∣∣∣ W W −W 0
JP = 1/2+
∣∣∣∣ΣcD¯∗2P1/2
〉 ∣∣∣∣ΣcD¯∗4P1/2
〉 ∣∣∣∣Λc(2595)D¯2S1/2
〉
〈
ΣcD¯
∗
2P1/2
∣∣∣∣ 4C 2√2T W〈
ΣcD¯
∗
4P1/2
∣∣∣∣ 2√2T −2C + 4T −√2W〈
Λc(2595)D¯
2S1/2
∣∣∣∣ W −√2W 0
TABLE II: Pion exchange potentials for the ΣcD¯
∗ −
Λc(2595)D¯ system with 1/2
−, 3/2− and 1/2+ quantum num-
bers. The central (C), tensor (T ), and vector (W ) potentials
are defined in the text.
where
Y (x) =
e−x
x
, (11)
G(x) =
(
1 +
1
x
)
Y (x), (12)
H(x) =
(
1 +
3
x
+
3
x2
)
Y (x). (13)
The central potentials are distinguished by the inclu-
sion or exclusion of a term whose origin, in the unregu-
lated potential, is a delta function centred at the origin:
C1 includes this term, C0 does not. Many authors do
not include this delta function term on the basis that
the physical picture of pion-exchange between hadrons is
well-motivated only at long distance; at short distance,
where the wavefunctions of the different hadrons over-
lap, interactions among their quark constituents cannot
justifiably be ignored.
We plot the two central potentials in Figure 2. Be-
cause the delta function term has opposite sign to the
long-distance Yukawa term, it has a drastic effect on the
potential: notice that C0(r) (shown in red) has the same
0.5 1.0 1.5 2.0
r (fm)
-5
5
MeV
FIG. 2: The central potentials C0(r) (red) and C1(r) (blue),
with Λ = 1.0 GeV (solid) and Λ = 2.0 GeV (dashed), and the
un-regulated potential (black).
sign for all r, whereas C1(r) (blue) changes sign and be-
comes attractive at short-distance [51, 52]. Obviously,
the predictions of the model will vary significantly de-
pending on which of C0(r) or C1(r) is used, but it is
surprisingly common in the literature to choose one or
the other, without comment. Below we argue in favour
of C0.
All potentials (central, tensor and vector) become
stronger as Λ increases (see Fig. 2 for the central case).
Consequently, in a typical calculation with S- and D-wave
channels coupled by central and tensor interactions, bind-
ing is possible in most systems, provided Λ is made large
enough. The required value of Λ varies significantly for
different systems, and we identify the systems which bind
with smaller values of Λ as being most likely to support
molecular states. The pattern of which states bind most
easily is strongly influenced by the sign and magnitude of
the central potential in the S-wave channel within each
matrix [53, 54], and by the chosen form (C0 or C1) of the
central potential.
The potential without the delta function term (C0,
shown in red in Fig. 2) has the same sign everywhere,
so the systems which bind most easily are those (such
as our 3/2− system) in which the S-wave central po-
tential comes with negative sign. On the other hand,
the potential which includes the delta function term (C1,
blue) has regions of both attraction and repulsion, but
the short-distance behaviour clearly dominates. So the
systems which bind most easily are those with an attrac-
tive core to the potential – namely, those in which the
S-wave central potential which come with positive sign
(such as our 1/2− system). But this is conceptually prob-
lematic, because at long distance, where the potential
is well-motivated theoretically, the corresponding poten-
tials are repulsive. In this sense the C1 potential suffers
from a problem of self-consistency: its predictions, which
are driven by ambiguous short-distance behaviour, are in
direct contradiction with the expectations derived from
the more reliable long-distance behaviour.
6For both forms of the central potential, the binding
energy increases monotonically with Λ, but the rate of
increase is particularly rapid for the C1 potential, which
leads to a problem of fine tuning. A common motiva-
tion for molecular models is the existence of states with
masses closely aligned to thresholds. But with the C1
potential, due to the rapid increase in binding energy
with Λ, shallow bound states only exist within a small
parameter range. By comparison, with the C0 potential
the sensitivity to Λ is weaker, and shallow bound states
exist within a larger parameter range.
In the absence of fine tuning, the C1 potential typically
predicts the existence of deeply bound states, in apparent
contradiction with experimental data. We find that this
is quite general, and suggest that this model by aban-
doned [50]. Related arguments against the C1 potential
can be found in refs. [25, 52]. For most of our results we
will use the C0 potential, which we regard as preferable
to the C1 potential.
The modern effective field theory approach to this issue
is to recognise that unknown short range dynamics ex-
ists, cut off the pion-exchange potential, and add cut-off-
dependent short range interactions with strengths that
are fit to data. When applied to models of the Pc states
based on Σ
(∗)
c D¯(∗) degrees of freedom [55–59], a simulta-
neous fit to both Pc(4440) and Pc(4457) requires strong
short-range interactions. In contrast, in our model we
find that by including the the Λc(2595)D¯ channel, it is
possible to fit both states without the need for additional
short-range interactions.
For the elastic ΣcD¯
∗ − ΣcD¯∗ couplings, there is con-
siderable disagreement in the literature concerning the
signs and magnitudes of the one-pion exchange poten-
tials. Our results are identical to those of ref. [25] which,
as far as we are aware, is the only other paper which ob-
tains these potentials in the quark model (and which is
thus free from sign ambiguities). We have also computed
the corresponding potentials using heavy hadron chiral
Lagrangians, and our results agree in magnitude with
the those of refs [7, 22, 23, 57, 60]; those of refs [8, 15]
are larger by a factor of 2. In terms of the signs, our po-
tentials agree with those of refs [7, 8, 15, 57, 60], provided
g and g1 are chosen to have the same sign, as is done in
most of those papers. By comparison, the potentials in
refs [22, 23] have opposite sign to all the others – again,
assuming their chosen signs for g and g1.
For the inelastic ΣcD¯
∗ − Λc(2595)D¯ potentials, our
expressions (with the dipole form factor) agree with
Geng et al.[26] once the pointlike constituent limit has
been taken.
B. Elastic channels
We begin by showing that if we switch off the
Λc(2595)D¯ channel, and thus have only the elastic
ΣcD¯
∗ − ΣcD¯∗ couplings, the model cannot simultane-
ously explain both Pc(4440) and Pc(4457). In particular,
the common assignment of 1/2− and 3/2− (in either or-
der) does not work.
We solve the Schro¨dinger equation, taking µ = m for
all potentials, and fixing the strength of the potentials by
comparison to NN scattering parameters [51, 54], with
m3g2q
12pif2pi
= 1.3 MeV. (14)
The resulting value of gq ≈ 0.6 is equivalent, using (5),
to a value of |gAq | which lies between the values gAq =
0.75 and gAq = 1.0 which are typically adopted in the
literature [25, 61, 62].
We find, with either the C0 or C1 potential, that bound
states are possible for both 1/2− and 3/2− provided Λ
is made sufficiently large. By varying Λ we may tune
the masses of either state to match either of Pc(4440) or
Pc(4457). The problem is that the required values of Λ
differ considerably for the two quantum number channels,
and this cannot be justified: the vertices in both channels
are identical, and thus the same cut-off must be used.
The reason for this tension is that, as mentioned pre-
viously, the pattern of binding is intrinsically linked to
the sign of the central potential in the S-wave channel
within each matrix, and as shown in Table II, the rele-
vant matrix elements in the 1/2− and 3/2− systems have
opposite sign. Although our potentials are derived with
the specific vertex model shown in equation (4), the rel-
ative signs and magnitudes of the central potentials are
the same with other models for the vertex, such as the
3P0 model or flux tube model [63]. Hence the problem
we identify is rather general in nature.
The pattern of binding is correlated with the choice of
potential in the manner described previously: with the
C0 (C1) potential, the systems which bind most easily
are those in which the S-wave central potential comes
with negative (positive) sign. Hence we find, for the C0
potential, that 3/2− binds most easily (with a smaller Λ),
and in order to obtain the 1/2− state, the cut-off must
be pushed to a much larger value, which in turn renders
the 3/2− too deeply bound to fit with experimental data.
(Recall that the same Λ should be used for both channels,
and that binding energies increase with Λ.) The pattern
reverses with the C1 potential, but the essential problem
is the same: 1/2− binds with a lower cut-off, and in order
to obtain the 3/2− state, the cut-off must be increased
to such a value that the 1/2− state becomes too deeply
bound.
An additional problem with both potentials is that the
higher cut-off required to produce two ΣcD¯
∗ bound states
(1/2−, 3/2−) also implies that a further three Σ∗cD¯
∗
states (1/2−, 3/2−, 5/2−) must also bind, and currently
there is no experimental evidence for such states.
We thus conclude that the assignment of Pc(4440) and
Pc(4457) as 1/2
− and 3/2− states (or vice versa) is not
tenable in the simplest molecular scenario, where bind-
ing is due to the elastic ΣcD¯
∗−ΣcD¯∗ one-pion exchange
coupling. The assignment can be made to work if addi-
7tional, short-range interactions are included in the poten-
tial through contact terms fit to data [55–59, 64, 65], ex-
change of mesons other than pions [11, 16, 52, 66–69], or
quark-level interactions [14, 70]. These approaches typ-
ically predict the existence of a number of other states
which are apparently not observed in experiment, in par-
ticular Σ∗cD¯
∗ states with 1/2−, 3/2− and 5/2− quantum
numbers. The absence of the 5/2− state in J/ψ p may be
understood due to its D-wave decay [9, 24, 66, 67], but
there is no analogous argument for 1/2− or 3/2− states.
C. Coupled-channels
We now consider the full problem, including the
Λc(2595)D¯ channel.
There is some ambiguity in the inelastic ΣcD¯
∗ −
Λc(2595)D¯ potential, which is a consequence of work-
ing, as is customary, in the static limit. For inelastic
transitions, the static limit is not compatible with en-
ergy conservation through the scattering diagram, hence
the vertices Λc(2595)Σcpi and D¯D¯
∗pi imply different val-
ues for the pion energy ω, which appears in the vector
potential W , and which also defines the effective mass
µ, through equation (3). The same ambiguity applies to
any calculation with static potentials for inelastic tran-
sitions, although it is almost never discussed in the lit-
erature. Typically the prescription µ = m is used for all
potentials.
These issues are discussed at length in Ref. [50]; in this
paper, we adopt a pragmatic approach of experimenting
with different possibilities. The value of ω appearing in
W (r) is not so important, since we will anyway explore
some variation in the overall strength of this potential.
We define the combined coupling gˆ, where
gˆ ≡ gh2ω
25/2pif2pi
. (15)
If we take
ω = M(Λc(2595))−M(Σc) = 139.4(5)MeV (16)
along with the couplings
g = 0.59(1)(7) (17)
obtained from D∗ → Dpi and D∗ → Dγ, and
h2 = 0.62(8) (18)
obtained from Λc(2595) → Σcpi [26], the preferred value
of the combined coupling is
gˆ = 0.17(4) 1/GeV. (19)
For µ we should, strictly speaking, adopt an imaginary
value, as determined by equation (3), and thus take the
real part of the resulting complex potential W (r). In
practice, because the magnitude of the imaginary µ is
tiny, the resulting potential is almost identical to that
with a small, real µ. (Oscillatory behaviour only appears
at long distance, and is totally negligible.) Moreover, the
potential hardly varies for real values of µ ranging from
0.001 GeV to the pion mass m, and we test both extremes
below.
We solve the Schro¨dinger equation with the potential
matrices in Table II, and search for bound states while
varying the cut-off Λ and the coupling gˆ. As mentioned,
we have found that using the central potential with reg-
ulated delta function leads to unreasonable phenomenol-
ogy (and dubious self-consistency), we therefore focus on
the option with no delta function (C0 in Eq. 8). In this
case we find that the JP = 1/2+ state is consistently
higher in mass than the 3/2−. Since the higher mass
Pc state coincides with the ΣcD¯
∗/Λc(2595)D¯ threshold
we adjust the cut-off until this state becomes virtual. We
then adjust the combined coupling gˆ to set the lower 3/2−
state at 4.440 GeV; see Fig. 3. The parameters obtained
in this way are Λ = 1.42 GeV and gˆ = 0.52 GeV−1.
As expected, the cut-off is somewhat larger than that
typically used in nuclear physics (0.8 - 1.4 GeV), and is
comparable to that required to create a weakly bound
X(3872) in a similar pion-exchange model [71].
Since the 1/2+ state is marginally bound its RMS ra-
dius is very large and it is dominated by the Λc(2595)D¯
channel. Alternatively, the 3/2− state has a rela-
tively small RMS radius of 1.1 fm and channel compo-
nents of ΣcD¯
∗(2D3/2) = 1.6%, ΣcD¯∗(4S3/2) = 85.7%,
ΣcD¯
∗(4D3/2) = 10.3%, and Λc(2595)D¯(2P3/2) = 2.4%.
No other bound states, including for isospin 3/2 or for
JP = 1/2−, are found. Finally, the quoted results are
obtained using µ = 0.135 GeV. We have found that
these are insensitive to the value of µ; for example using
µ = 0.001 GeV changes results at the level of a percent.
The value of gˆ required to fit the data is somewhat
larger than the value preferred by Λc(2595) decays, but
we do not consider this a problem. We note, for exam-
ple, that including couplings to additional channels will
change the preferred value of Λ, and in turn, gˆ. More
importantly, we emphasise that, unlike other models, our
fit has not required the introduction of additional ad hoc
short-range interactions which are fit to data. We could
of course add such terms to our potential, but at the cost
of introducing additional free parameters, and the success
of our fit without these terms indicates that their contri-
bution is insignificant. In this respect our model is quite
different to others in the literature, in which a simultane-
ous fit to both Pc(4440) and Pc(4457) relies crucially on
the introduction of strong short-range interactions which
are fit to data [55–59].
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FIG. 3: Bound State Energy vs gˆ for Λ = 1.42 GeV and µ = m.
IV. DECAYS
The LHCb collaboration has measured the widths of
the higher mass Pc signals as [3]
Γ[Pc(4457)] = 6.4± 2.0+5.7−1.9 MeV, (20)
Γ[Pc(4440)] = 20.6± 4.9+8.7−10.1 MeV. (21)
We seek to compute the widths of these states as-
suming the validity of the molecular interpretation given
above. The relative complexity of molecular states per-
mits a variety of possible decay mechanisms. Here we
consider dissociative decays in which one of the bound
hadrons undergoes a strong decay, short range interac-
tions with a quark exchange component that can lead to
hidden charm decay modes (which we call rearrangement
decays), and long range pion-exchange-mediated decays.
A. Dissociation Decays
When sufficient phase space is available molecular
states can decay by the strong decay of their con-
stituents [4, 72, 73]. An electroweak version of this mech-
anism would occur via neutron decay if the deuteron
binding energy were less than the neutron-proton mass
difference. In the weak binding limit the width is simply
given by the free space width weighted by the component
fraction of the decaying hadron. In the case of the 1/2+
and 3/2− resonances all the constituent hadrons are nar-
row: the D∗ has a width of 83 keV, the Λc(2595) has
a width of 2.6 MeV, and the Σc width is approximately
1.8 MeV.
Our model gives a sharp prediction for dissociation
decays, which can be tested in experiment: Pc(4457)
decays to ΣcD¯
0pi, whereas Pc(4440) decays to ΛcD¯
∗pi.
This arises from a combination of kinematics and isospin
symmetry. The Λc(2595)D¯
0 combination, which dom-
inates the wavefunction of Pc(4457), couples only to
ΣcD¯
0pi. The ΣcD¯
∗ combination couples to both ΣcD¯pi
and ΛcD¯
∗pi, but for Pc(4440) in which this component
dominates, only the latter mode is kinematically accessi-
ble.
Using the above component fractions and constituent
widths we estimate
Γdis[Pc(4457)→ ΣcD¯0pi] ≈ 2.6 MeV
Γdis[Pc(4440)→ ΛcD¯∗pi] ≈ 1.8 MeV (22)
B. Pion-exchange Mediated Decays
We now consider decays where pion exchange couples
a constituent channel to a lighter hadronic final state.
This mechanism has been discussed in refs [74, 75].
In our model Pc(4457) is narrow because its dominant
Λc(2595)D¯ component does not directly couple to any
lighter hadronic channel via perturbative one pion ex-
change. On the other hand, Pc(4440) is broad because
its dominant ΣcD¯
∗ component couples to ΛcD¯, ΛcD¯∗,
and ΣcD¯. One might expect the S-wave ΣcD¯
∗ compo-
nent to dominate these processes; however, the strong
tensor interaction present in the system implies that D-
waves must also be considered.
If one assumes point-like hadrons then the decay am-
plitude is the overlap of a molecular wavefunction compo-
nent with the central or tensor potential projected onto
a given wave. Specifically, the partial width to a given
9∣∣∣∣ΣcD¯∗4S3/2
〉 ∣∣∣∣ΣcD¯∗2D3/2
〉 ∣∣∣∣ΣcD¯∗4D3/2
〉
〈
ΛcD¯
2D3/2
∣∣∣∣ 3√3T/2 3√3C/2 −3√3T/2〈
ΣcD¯
2D3/2
∣∣∣∣ −2√3T −2√3C 2√3T〈
ΛcD¯
∗
4S3/2
∣∣∣∣ 3C/2 3T/2 3T〈
ΛcD¯
∗
2D3/2
∣∣∣∣ 3T/2 −3C −3T/2〈
ΛcD¯
∗
4D3/2
∣∣∣∣ 3T −3T/2 3C/2〈
Σ∗cD¯
4S3/2
∣∣∣∣ −√3C −√3T √3T〈
Σ∗cD¯
4D3/2
∣∣∣∣ √3T √3T −√3C
TABLE III: The channel coupling coefficients, as defined in
the text, for decays mediated by one-pion exchange.
final state with angular momentum L is given by
ΓL(k) =
k
4pi2
EBEC
mPc
|AL(k)|2 (23)
where
A0(k) = 4pi
∑
α
∫
rdr [uα|SVC(r) + uα|DVT (r)]j0(kr)
(24)
and
A2(k) = 4pi
∑
α
∫
rdr [uα|SVT (r) + uα|DVC(r)]j2(kr).
(25)
The index α refers to a molecular wavefunction compo-
nent, while α|` is a component with angular momentum
`. The interactions VC and VT consist of a channel cou-
pling coefficient times the central or tensor interactions
shown in Eqs. (8) and (9). These coefficients are shown
in Table III.
Summing over the three Σc components of the 3/2
−
state Pc(4440) gives
Γope[Pc(4440)→ ΛcD¯∗(4S)] = 47 MeV (26)
Γope[Pc(4440)→ ΛcD¯∗(2D)] = 3 MeV (27)
Γope[Pc(4440)→ ΛcD¯∗(4D)] = 29 MeV (28)
Γope[Pc(4440)→ ΛcD¯(2D)] = 17 MeV (29)
Γope[Pc(4440)→ ΣcD¯(2D)] = 14 MeV (30)
Γope[Pc(4440)→ Σ∗cD¯(4S)] = 0.7 MeV (31)
Γope[Pc(4440)→ Σ∗cD¯(4D)] = 0.8 MeV. (32)
Hence the dominant mode is ΛcD¯
∗, consistent with re-
sults in other literature [74–76].
FIG. 4: A Diagram Contributing to the Rearrangement Decay
Amplitude.
C. Rearrangement Decays
A novel decay mechanism available to hadronic bound
states consists of the exchange of quarks and gluons be-
tween constituent hadrons which then yields a lower en-
ergy hadronic final state. For example, ΣcD¯
∗(3/2−) can
scatter into J/ψ p in an S-wave while Λc(2595)D¯(1/2
+)
goes to J/ψ p in a P-wave. The expected partial wave
suppression therefore suggests
Γ(Pc(4457)
+ → J/ψ p) < Γ(Pc(4440)+ → J/ψ p). (33)
The formalism is very similar to that for pion
exchange-mediated decays with the chief difference be-
ing the replacement of the OPE potential with the rear-
rangement scattering amplitude. In this case the decay
amplitude can be written as
AL(k) =
∑
α`
∫
qdq
(2pi)3
TL,`(k, q)uα|`(q) (34)
where uα|` is the radial hadronic bound state wavefunc-
tion as before and TL,` is the scattering amplitude from
the bound state channel α with relative orbital momen-
tum ` to the decay channel with angular momentum
L. The T-matrix element can be estimated in the con-
stituent quark model by computing the Born order scat-
tering amplitude. This consists of one application of
a quark model interaction followed by quark exchange,
which is required to maintain colour neutrality. This
general approach is reasonably reliable where it can be
tested and has been applied to reactions of interest here
in Ref. [77]. Typically inelastic cross sections range in
strength from approximately 7 mb near threshold for
J/ψ p → D¯0Λc to 0.1 mb for J/ψ p → D¯0∗Σ+c . Be-
cause the latter cross sections are quite small we expect
small rearrangement decay widths. We therefore choose
to implement a simple separable Ansatz for the S-wave
T-matrix element,
T (k, q) = a exp(−k2/b2) · a exp(−q2/b2), (35)
and determine a ≈ 3 GeV−1 and b ≈ 0.8 GeV in a fit to
the computed expression for J/ψ p → ΣcD¯∗ in J = 3/2,
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L = 0. As expected the resulting width obtained from
Eq. (34) is small (approximately 1 keV), and therefore
can be neglected.
The GlueX experiment recently reported an upper
limit on photo-production of the LHCb states off the
proton, which implies a tight upper limit on their de-
cay branching fraction to J/ψ p [6]. The same observa-
tion was made with reference to earlier photo-production
data [5]. Our results are consistent with these upper lim-
its.
With a model based on exchange of charmed hadrons,
Eides et al. [74] obtain a considerably larger J/ψ p width
of 30 keV, still totally insignificant on the scale of
the measured total widths, and consistent with GlueX.
Xiao et al. [78], using effective Lagrangians, find J/ψ p
widths which are orders of magnitude larger, on the
scale of several MeV; these are not consistent with
the GlueX limits [59]. Related earlier predictions gave
even larger widths [79]. QCD sum rule calculations for
Pc(4312) [80, 81] also give large J/ψ p widths, inconsis-
tent with GlueX.
D. Remarks
Given the GlueX upper limits on the observed J/ψ p
mode, the Pc states must decay dominantly into modes
which have not yet been seen in experiment. For Pc(4440)
we predict that the dominant decay modes are to ΛcD¯
(∗)
in various waves, and to ΣcD¯. Furthermore, D-waves
are not suppressed with respect to S-waves because of
the strong tensor forces present. On the other hand,
for Pc(4457) we predict the dominance of the three-
body mode ΣcD¯
0pi due to the dissociation decay of the
Λc(2595) constituent.
Our final estimates for the widths are therefore
Γtot[Pc(4457)] ≈ 3 MeV
Γtot[Pc(4440)] ≈ 111 MeV. (36)
Although these results correctly reproduce Γ(4457) <
Γ(4440) and obtain a small width for the Pc(4457), the
predicted total width for the Pc(4440) is too large. We
comment on this in the Conclusions.
V. ISOSPIN
After the initial discovery of Pc(4380) and Pc(4450),
one of us made the observation that, in the molecular sce-
nario based on Σ∗cD¯ and ΣcD¯
∗ degrees of freedom, these
states would be admixtures of I = 1/2 and I = 3/2 [4].
The decays J/ψ∆ and ηc∆ were proposed as striking
signatures of this isospin mixing, and it was argued that
spin symmetry implies these modes could have significant
branching fraction, even if the isospin mixing angles are
small [4].
Isospin mixing arises because the mass gap between
the thresholds for the charge combinations Σ
(∗)+
c D¯(∗)0
and Σ
(∗)++
c D(∗)− is significant on the scale of the molec-
ular binding energy. The mechanism is similar to the
analogous mechanism for X(3872) [71, 82].
After the update from LHCb, Pc(4457) is significantly
closer to Σ+c D¯
0∗ threshold than its predecessor Pc(4450),
which implies that the isospin mixing is likely to be
even more prominent. This was recently quantified by
Guo et al. [83], who find that if Pc(4457) is a ΣcD¯
∗
molecule, isospin mixing is at the level of a few percent
to around 30%.
But as noted in ref. [4], the isospin mixing is uniquely
associated with Σ
(∗)
c D¯(∗) degrees of freedom, due to
the presence of two charge combinations with different
thresholds. For components with only one charge com-
bination, such Λc(2595)D¯
0, there is no contribution to
isospin mixing. For this reason, in our model we find
that isospin mixing is very small: the Pc(4457) is dom-
inantly Λc(2595)D¯, and the only contribution to isospin
mixing is from ΣcD¯
∗, which is a small component of the
wavefunction. We thus predict, in contrast to other mod-
els, that the decays of Pc(4457) to J/ψ∆ and ηc∆ will
be negligible.
As for the Pc(4440), we also find that isospin mixing is
small. In this case, although there is considerable ΣcD¯
∗
in the wavefunction, the binding energy is large com-
pared to threshold mass gap, and isospin mixing is not
significant.
Isospin was also considered by ref. [84] using the effec-
tive range expansion; they conclude that isospin mixing
in all three of the new Pc states is mild.
VI. PRODUCTION
In this section, we make a general point which applies
not only to Pc(4440) and Pc(4457), but also the lighter
states Pc(4312) and Pc(4380). The vast majority of liter-
ature on these states describes them in terms of Σ
(∗)
c D¯(∗)
degrees of freedom, but the question of how such config-
urations are produced in Λb decays has not adequately
been addressed. We will show that there is an outstand-
ing issue here which needs to be resolved.
In Figure 5 we show the different production diagrams.
The left panel shows the three possible topologies for
the Cabibbo-favoured weak decay (b → csc¯), and the
right panel shows the corresponding loops resulting in
a J/ψ pK− final state. In each case, K− is produced
from the loop, and the possible molecular constituents
are those which feed the J/ψ p final state (black circle).
In these diagrams, the labels for the hadrons in the loop
refer only to flavour, so that “Λc” indicates any of Λc,
Λc(2595) or Λc(2625), for example, and “D¯” can be D¯ or
D¯∗.
As far as the weak vertex is concerned, Topol-
ogy (1) is dominant: its weak vertex is colour-favoured,
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FIG. 5: Diagrams showing the production of meson-baryon
molecular states from Λb decays. The left panel shows the
three quark-level topologies for the weak decay of Λb: Topol-
ogy (1) is colour-favoured, while Topologies (2) and (3) are
colour-suppressed. The right panel shows the corresponding
loop diagrams which produce the J/ψ pK− final state. (In
these diagrams, the hadron labels refer to the flavour con-
tent, so “Λc” indicates any of Λc, Λc(2595) or Λc(2625), for
example.)
whereas the vertices in Topologies (2) and (3) are colour-
suppressed. Since the ud pair is a spectator in the weak
transition, conservation of isospin and spin implies that
this dominant diagram can only produce baryons with Λc
flavour, not Σc flavour. We therefore do not agree with
the mechanisms discussed in refs [85, 86], which feature
Σc baryons produced in diagrams of this type.
The Σ
(∗)
c D¯(∗) combinations favoured by most inter-
pretations of the Pc states can be produced via Topol-
ogy (3) of Figure 5, and this mechanism involves a colour-
suppressed weak decay. In this case the u and d quarks
of Λb end up in different hadrons, and the Σ
(∗)
c baryon
is produced through the strong decay of a baryon with
Ξc flavour in the loop. Note that, as well as produc-
ing Σ
(∗)
c D¯(∗) states, this topology also provides another
mechanism for the production of ΛcD¯
(∗) states. It is also
the only phenomenologically relevant intrinsically non-
factorisable weak decay of which we are aware.
We conclude that the production of the molecular com-
ponents Σ
(∗)
c D¯(∗) favoured by most models is suppressed
in Λb decays: they arise only due to isospin-breaking in
the colour-favoured Topology (1), or due to the colour-
suppressed Topology (3).
This points to the importance of including coupled-
channels such as Σ
(∗)
c D¯(∗) − ΛcD¯(∗) and Σ(∗)c D¯(∗) −
Λc(2595)D¯
(∗) in any description of the Pc states. In this
picture, the states can be produced through their wave-
function components, such as ΛcD¯
(∗) and Λc(2595)D¯,
which are accessible via the colour-favoured mecha-
nism. Even if the corresponding wavefunction compo-
nents are comparatively small, the dominance of the
colour-favoured mechanism (which we quantify below)
implies these components are important in the produc-
tion of Pc states.
All of this argues in favour of the importance of one-
pion exchange in the formation of the Pc states. The
Σ
(∗)
c D¯(∗) channels are undoubtedly important in the
binding of these states, but only components with an
isoscalar baryon, such as ΛcD¯
(∗) and Λc(2595)D¯, are co-
piously produced in Λb decays. Coupling between the
channels can resolve this issue, and such coupling im-
plies the exchange of pions, or more generally, isovector
mesons. (We note, in particular, that contact terms in a
pion-less effective field theory are incapable of producing
the desired result.)
Coupled channel effects are expected to be particularly
important when the corresponding thresholds are close
in mass, and it is interesting to note that the masses
of all three of the new Pc states are near to relevant
threshold pairs. We have already argued for the rele-
vance of the ΣcD¯
∗−Λc(2595)D¯ coupling to the Pc(4440)
and Pc(4457) states, but we also note that the other
new state, Pc(4312), is very close to a pair of nearby
thresholds (ΛcD¯
∗ and ΣcD¯) which couple via one-pion
exchange, hence the mechanism we describe is also likely
to be relevant there.
Quantifying the scale of the suppression of Σ
(∗)
c D¯(∗)
configurations is very difficult, as it requires modelling
both the electroweak vertex and the strong vertex in the
loop, and summing over a large number of intermediate
states where poorly constrained interference effects can
be important. We may, however, estimate the scale of the
suppression with reference to the electroweak part of the
vertex. We assume that the isospin breaking mechanism
is sub-dominant, so that Σ
(∗)
c D¯(∗) states are produced
through Topology (3).
The colour-favoured diagram (1) is responsible for the
largest observed [87] two-body decay mode of Λb,
B(Λb → ΛcD−s ) = (1.10± 0.1)%, (37)
Such decays can be computed with reasonable accuracy
by the heavy quark formalism. For example, for Λb →
ΛcD
−
s , the amplitude
iM = GF√
2
VbcV
∗
csifDsp
µ
Ds
ξ(w)u¯cγµub (38)
(the Isgur-Wise function is denoted ξ here) gives
Γ(Λb → ΛcD−s ) = 5.8 · 10−15 GeV, (39)
which is equivalent to
B(Λb → ΛcD−s ) = 1.3%. (40)
A related prediction is [88]:
B(Λb → ΛcD∗−s ) = (1.830+0.849−0.629)% (41)
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As for the colour-suppressed Λb → Ξ(′,∗)c D¯(∗) tran-
sitions required to produce Σ
(∗)
c D¯(∗) molecular compo-
nents, there is no experimental data, nor are there any
theoretical predictions for the branching fractions, pre-
sumably because this topology is non-factorisable, and
typically assumed to be small. (There are SU(3) re-
lations among the transitions [89, 90], but we are not
aware of any prediction for their magnitude.) The heavy
quark formalism does not work in this case, as it is a
non-factorisable decay. Hence we make a quark model
computation, taking the ΞcD¯
∗ mode as an example. The
amplitude is, suppressing spin indices:
iM(P ) =
√
2ED
√
2EΞ
√
2EΛb
GF√
2
VbcV
∗
cs
1
Nc
×
∫
d3q
(2pi)3
d3k2
(2pi)3
d3k3
(2pi)3
×φΛb(−k2 − k3, k2, k3) · u¯b(k3)Γµuc(k3 − q)
×φ∗Ξ(−k2 − k3, q + k2 − P, k3 − q)
×v¯c(P − k2)Γµus(q + k2 − P )φ∗D(P − k2, k2)
(42)
where Γµ = γµ − γ5γµ. This expression was evaluated
in the leading nonrelativistic limit using simple Gaussian
wavefunctions with a universal scale set to 400 MeV. The
result is
Γ(Λb → ΞcD¯∗) ≈ 1 · 10−16 GeV, (43)
equivalent to
B(Λb → ΞcD¯∗) = 2.5 · 10−4. (44)
We conclude, by comparison to equations (40) and (41),
that colour suppressed vertices are smaller by more than
a factor of 50.
We now compare to experimental data and show that
this level of suppression really is a problem for models
based solely on Σ
(∗)
c D¯(∗) degrees of freedom. The branch-
ing fractions B(Λb → PcK−) are not known, although the
LHCb collaboration has measured a ratio of branching
fractions defined as
R = B(Λ
0
b → P+c K−)B(P+c → J/ψ p)
B(Λ0b → J/ψ pK−)
. (45)
Values for this ratio are reported as [3]
R =
 (0.53± 0.16
+0.15
−0.13)%, [Pc(4457)]
(1.11± 0.33+0.22−0.10)%, [Pc(4440)]
(0.30± 0.07+0.34−0.09)%, [Pc(4312)].
(46)
Using the PDG value for the denominator, the prod-
uct of branching fractions in the numerator can be com-
puted for each of the three Pc states [91]. We show in
Fig. 6 the resulting relation between B(Λ0b → P+c K−)
and B(P+c → J/ψ p). We have also included Pc(4380) in
the plot, using the measured product of branching frac-
tions from ref. [1], although the existence of this state,
4380
4440
4457
4312
0.001 0.005 0.010 0.050 0.100 0.500 1
10-6
10-5
10-4
0.001
0.010
B (Pc → J/ψ p)
B
(Λb→
P
c
K
)
FIG. 6: The branching fractions B(Λ0b → P+c K−) as a func-
tion of B(P+c → J/ψ p), obtained as described in the text.
and the product of branching fractions, require confirma-
tion following the latest LHCb results. The plot shows
the central values only; we do not include errors, be-
cause the discussion below concerns the overall scale of
the branching fractions, not their precise values.
Based on the absence of signals in their photo-
production data, GlueX [6] recently computed the follow-
ing upper limits (at 90% confidence level) on the J/ψp
branching fractions,
B(P+c → J/ψ p) <
 3.8%, [Pc(4457)]2.3%, [Pc(4440)]4.6%, [Pc(4312)] . (47)
These limits are computed using a variant of the JPAC
model [92], and assume that the states have 3/2− quan-
tum numbers. (This assignment would be unusual for
Pc(4312), but as already discussed, is widely used for
Pc(4440/4457)). We may expect some variation in these
limits if other quantum numbers are assumed, but it is
interesting to note that another computation, in an anal-
ysis of earlier photo-production data, arrived at similar
limits for the precursor states Pc(4450) and Pc(4380) [5].
Referring to Fig. 6, the GlueX limits imply that lower
limits on B(Λ0b → P+c K−) are at the level of 10−4 for
Pc(4312/4440/4457), and 10
−3 for Pc(4380). These are
implausibly large branching fractions if the molecular
states are produced via colour-suppressed weak decay,
given that the electroweak vertex is also at the level of
10−4: see eqn (44).
By way of comparison, we note that the production of
the D∗D¯ molecular candidate X(3872) in B decays can
proceed via a colour-favoured decay, in a diagram similar
to Topology (1) in Fig. 5, but with ΛcD
(∗)
s replaced by
D(∗)D(∗)s . In this case the production branching fraction
B(B+ → X(3872)K+) < 2.6 · 10−4, (48)
is at least a factor of 50 smaller than the branching frac-
tions of the electroweak vertices B → D(∗)D(∗)s , which
are at the percent level.
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We also note that, since X(3872) can be produced via
a colour-favoured process, it would have a considerably
larger production rate compared to Pc states, if they are
produced via colour-suppressed weak decay. Yet the ex-
perimental upper limit on B(B+ → X(3872)K+) is com-
parable to the lower limits on B(Λ0b → P+c K−) discussed
above. (The lifetimes of B and Λb are comparable, so
comparing branching fractions is similar to comparing
decay widths.)
The situation worsens if we consider estimates for
B(P+c → J/ψ p) from models (Sec. IV C). For a 3/2−
ΣcD¯
∗ molecule, Eides et al. [74] predict
Γ(P+c → J/ψ p) = 30 keV, (49)
and taking Pc(4440) as an example, this is equivalent to
B(P+c → J/ψ p) = 1.5 · 10−3. (50)
From Fig. 6, this implies B(Λ0b → P+c K−) is more than
10−3, strikingly inconsistent with the weak vertex (44)
and the previous analogy with X(3872). With our own,
smaller prediction for Γ(P+c → J/ψ p), the inconsistency
is even more dramatic, implying B(Λ0b → P+c K−) ≈ 7%.
As noted above, coupled-channel dynamics may resolve
the discrepancy in the production of Pc states, since they
may be produced through components, such as ΛcD¯
(∗),
accessible to colour-favoured weak decays. Given the
scale of the electroweak vertices (40) and (41), it is plausi-
ble that this mechanism could enhance B(Λ0b → P+c K−)
to the O(10−4) level required by the GlueX result for the
three new states. The O(10−3 − 10−2) values implied by
models for B(P+c → J/ψ p) are more problematic, so ex-
perimental measurement of the latter branching fraction
would be helpful in determining the scale of the problem.
In our current model for Pc(4440/4457), the only
colour-favoured channel is Λc(2595)D¯. The predicted [88]
branching fractions
B(Λb → Λc(2595)D−s ) = 1.8 · 10−3, (51)
B(Λb → Λc(2595)D∗−s ) = 2.5 · 10−3, (52)
while still considerably larger than the colour-suppressed
transitions, are smaller than the dominant colour-
favoured transitions involving ΛcD¯
(∗). Dealing prop-
erly with the production problems therefore requires
a more thorough coupled-channel calculation including
these dominant ΛcD¯
(∗) states.
Nevertheless, our current model is qualitatively consis-
tent with data, in the sense that it allows for the com-
parable experimental fit fractions (46) for Pc(4440) and
Pc(4457). This is because we expect
B(Λb → Pc(4457)+K−) > B(Λb → Pc(4440)+K−),
(53)
due to the enhanced production of the Λc(2595)D¯ com-
ponent compared to ΣcD¯
∗, whereas
B(Pc(4457)+ → J/ψ p) < B(Pc(4440)+ → J/ψ p), (54)
assuming the inequality (33) in the partial widths is
strong enough to translate, given the relative total
widths, into an inequality in the branching fractions.
Presumably the two effects cancel each other to within a
factor of two, yielding the experimental ratio of ratios of
Eqn. (46).
VII. CONCLUSIONS
We propose a molecular model of the new LHCb states,
Pc(4557) and Pc(4440), that is based on long range pion
exchange interactions, including the novel vector poten-
tial coupling the nearly degenerate ΣcD¯
∗ and Λc(2595)D¯
channels. Inclusion of the latter channel is crucial in
generating two states in the appropriate mass region,
and leads to the striking prediction that Pc(4457) has
quantum numbers JP = 1/2+. In our model, Pc(4440)
has JP = 3/2−, and no binding is predicted in the
JP = 1/2− channel. Measuring these quantum num-
bers will serve to separate many of the proposed models.
In particular, the 1/2+ assignment for Pc(4457) is unique
among models, which almost exclusively assign the state
to 1/2− or 3/2−.
Our model also gives a natural explanation for the rel-
ative widths of the states. The heavier state Pc(4457)
is narrower because its dominant Λc(2595)D¯ component
does not couple via one-pion exchange to any lower-lying
open charm pairs. On the other hand, the Pc(4440) is
dominated by ΣcD¯
∗ and thus couples strongly to a num-
ber of lower-lying open-charm channels, and we find that
such decays dominate the total width. Among three-
body modes, we predict that Pc(4457) decays to ΣcD¯
0pi,
whereas Pc(4440) decays to ΛcD¯
∗pi; experimental obser-
vation of these decay modes would be a useful test of our
model.
As for the total widths, we predict that Pc(4457)
should have a width of order 10 MeV, while the Pc(4440)
should have a width of approximately 100 MeV. The lat-
ter is too large. It is likely that this is due to the relatively
large value of the combined coupling, gˆ = 0.52, which we
have obtained in fitting the data. Indeed, the value of
gˆ that is preferred by baryon decays is about a factor of
three smaller, which brings the predicted Pc(4440) width
near the experimental value. Our model has neglected
short range dynamics entirely (as these cannot be deter-
mined at present); it is likely that these exist, and if they
are attractive, that a quantitatively accurate description
of the new states can be obtained. We explore this pos-
sibility in future work, where we also consider the larger
system of coupled channels including Λc(2595)D¯ along
with all Σ
(∗)
c D¯(∗) and ΛcD¯(∗) channels [50].
We have also shown that the combination of LHCb
and GlueX data provides a challenge for most models
of Pc states. The Σ
(∗)
c D¯(∗) components advocated in
most models can only be produced in Λb decays through
either isospin-breaking or colour-suppressed weak de-
cays. This implies considerable tension with existing
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experimental data. Coupled-channel effects can resolve
this issue, as the states can then be produced through
components, such as ΛcD¯
(∗) or Λc(2595)D¯(∗), accessi-
ble through colour-favoured decays. Because of this we
are able to find plausible explanations for the production
characteristics of the putative pentaquark states near
4450 MeV, unlike other models. In our model, the pro-
duction and J/ψ p decays of Pc(4457) are respectively
enhanced and suppressed compared to those of Pc(4440):
this is qualitatively in agreement with the LHCb fit frac-
tions R, which are comparable for the two states.
Within our model charge splitting for the Pc(4457) will
be driven by the D meson mass differences that exist
due to the Λc(2595)D¯ channel. Thus we predict that
Pc(1/2
+)0 has a mass of 4462 MeV. Note that the rela-
tively large splitting would be very difficult to accommo-
date in compact pentaquark models.
We also predict that isospin mixing will be minimal
in both states, which also distinguishes this model from
many others. No isospin 3/2 states are predicted.
It is natural to inquire into the existence of analogue
states related to Pc(4440) and Pc(4457). Unfortunately
the coincidence of the ΣcD¯
∗ and Λc(2595)D¯ thresholds
does not hold in other flavour sectors, and therefore we
do not expect an analogous pair of 3/2− and 1/2+ states
in the hidden strange or bottom sectors.
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